Introduction
Obesity is frequently associated with insulin resistance and abnormal glucose homeostasis. Recent studies in animal models have indicated that TNF-ci plays an important role in mediating the insulin resistance of obesity through its overexpression in fat tissue. However, the mechanisms linking obesity to insulin resistance and diabetes in humans remain largely unknown. In this study we examined the expression pattern of TNF-a mRNA in adipose tissues from 18 control and 19 obese premenopausal women by Northern blot analysis. TNF-a protein concentrations in plasma and in conditioned medium of explanted adipose tissue were measured by ELISA. Furthermore, the effects of weight reduction by dietary treatment of obesity on the adipose expression of TNF-a mRNA were also analyzed in nine premenopausal obese women, before and after a controlled weight-reduction program. These studies demonstrated that obese individuals express 2.5-fold more TNF-a mRNA in fat tissue relative to the lean controls (P < 0.001). Similar increases were also observed in adipose production of TNF-a protein but circulating TNF-ao levels were extremely low or undetectable. A strong positive correlation was observed between TNF-a mRNA expression levels in fat tissue and the level of hyperinsulinemia (P < 0.001), an indirect measure of insulin resistance. Finally, body weight reduction in obese subjects which resulted in improved insulin sensitivity was also associated with a decrease in TNF-a mRNA expression (45%, P < 0.001) in fat tissue. These results suggest a role for the abnormal regulation of this cytokine in the pathogenesis of obesity-related insulin resistance. (J. Clin. Invest. 1995. 95:2409-2415.) Key words: cytokines * fat * non-insulindependent diabetes mellitus * weight loss * insulin action Obesity is the most common metabolic disease in the industrial world and affects > 30% of the adult population in the U.S. ( 1) . Furthermore, obesity is a major risk factor for non-insulindependent diabetes mellitus (NIDDM)' and > 80% of NIDDM patients in the USA are obese (1) . Since insulin resistance is a ubiquitous correlate of obesity and an important component of NIDDM, insulin resistance is generally considered a major pathophysiological link between these two disorders (2, 3) . In addition, insulin resistance is also believed to play a role in other pathological states associated with obesity including dyslipidemias, atherosclerosis, hypertension, and cardiovascular disorders (3, 4) . Although the importance of the link between obesity and insulin resistance has long been recognized, (4) the molecular basis of this connection has remained elusive.
TNF-a is a pluripotent cytokine primarily, but not exclusively, produced from macrophages (5-7). In addition to its role in host defense, TNF-a also has important effects on whole body lipid and glucose metabolism (7, 8) . We have previously demonstrated that fat tissue is a significant source of endogenous TNF-a production and the expression of this cytokine in adipose tissue is elevated in most of the models of rodent obesity examined to date (9) (10) (11) . This abnormal expression of TNFa in adipose tissue plays a critical role as a mediator of peripheral insulin resistance in rodent obesity, and neutralization of TNF-a in obese and insulin-resistant animals results in significant increases in peripheral insulin sensitivity (9) .
Recent studies have indicated that defective signaling from the insulin receptor is an important component of insulin resistance associated with obesity in both animal models and humans (12) (13) (14) (15) (16) . Studies on TNF-a-mediated insulin resistance in cultured cells as well as in whole organisms have also demonstrated that TNF-a induces insulin resistance, at least in part, through its ability to inhibit intracellular signaling from the insulin receptor (17, 18). Moreover, this inhibition can be reversed by neutralizing TNF-a in vivo (19) .
The expression of TNF-a in the adipose tissue of obese humans has not been examined to date. Here we demonstrate that the expression of TNF-a in adipose tissue is significantly elevated in human obesity and this elevation is strongly correlated with the level of hyperinsulinemia, which in the presence of normoglycemia, is a marker of insulin resistance (2 TNF-a or aP2 mRNA was expressed as percentage of an arbitrary control set to 100%. Protein measurements. For measurements of TNF-a protein secretion by adipose tissue, freshly obtained fat specimens were cut into pieces (25-50 mg) under sterile conditions, weighed, rinsed once in sterile Krebs-Ringer phosphate buffer (pH 7.4) and incubated (1.0 ml media/100 mg tissue) in a medium consisting of Krebs-Ringer phosphate (pH 7.4), endotoxin-free BSA (4 g/I00 ml), and glucose (1 mg/ ml) at 370C in a shaking incubator with air as the gas phase (9) . Incubation media were collected at 1 and 2 h and frozen in liquid nitrogen. At the end of the experiment total DNA was extracted from fat tissues used in each experiment, as described (9) 
Results
Study group. Table I summarizes the characteristics of the 37 premenopausal female subjects (18 lean and 19 obese) at the time of entry. All subjects were of mixed-Caucasian ethnic origin and lean and obese subjects were similar in age (34.4±1.2 and 34.4±1.5, respectively). The subjects were not markedly hyperlipidemic based on fasting plasma measurements. Although the obese group had higher average fasting plasma glucose levels compared to controls, all values were within normoglycemic range except one which was borderline ( 131.5 mg/ dl or 7.5 mmol/liter). However, the obese subjects were significantly hyperinsulinemic (presumably compensatory), indicating the presence of insulin resistance. Expression of TNF-a mRNA in adipose tissue. To examine the expression of the TNF-a gene we extracted total RNA from subcutaneous adipose tissues of lean and obese human subjects. Northern blot analysis demonstrated that TNF-a mRNA is endogenously present in human adipose tissue (Fig. 1 A) . The level of TNF-a mRNA expression was strikingly elevated in adipose tissues obtained from obese individuals compared to age-matched lean controls ( Fig. 1 A and B) . When normalized to the ,6-actin mRNA present in each adipose tissue sample, a 2.5-fold increase was observed in the amount of TNF-a mRNA in the obese group (21.9±10.4 vs 56.9±18.6%, P < 0.001).
To test the specificity of this pattern of TNF-a mRNA expression, we examined several other cytokines and fat specific genes. TNF-,6 (lymphotoxin alpha, Fig. 1), IL-1,B , and IL-6 mRNA was not detected in any of the subjects (data not shown). Moreover, the expression of a fat-specific gene, aP2, was not different between lean and obese subjects (Fig. 1) . These results suggested that elevated mRNA expression was specific for TNF-a and was not the result of a generalized aberrant expression of the cytokine family or fat-specific genes. These controls also demonstrate that there was no systemic bias in quantitation when comparing mRNA from fat tissue of lean versus obese subjects.
TNF-a protein production. A critical question is whether the differences in mRNA levels were reflected in the amounts of local and systemic (circulating) TNF-a protein. We TNF-a expression and metabolic parameters. We next analyzed the relationship between the levels of TNF-a mRNA in fat tissue and various metabolic parameters measured in lean and obese subjects. A very strong positive correlation was observed between TNF-a expression and fasting plasma insulin levels (Fig. 3 A; Correlations of TNF-a mRNA expression levels in adipose tissue and metabolic parameter in lean and obese female subjects. The TNF-a expression levels were determined by Northern blot analysis, quantitated as described in Fig. 1 , and plotted against fasting plasma insulin (A), plasma glucose (B), total plasma triglycerides (C), and total plasma cholesterol (D). The lines represent simple linear regression between the two variables.
P < 0.001). It should be noted that there is a trend toward bimodality in BMI values as a result of the selection criteria used to differ lean and obese subjects. As expected, there was also a positive correlation between BMI and fasting insulin levels (r = 0.77, P < 0.001). A relatively weaker positive correlation was observed between TNF-a expression and fasting plasma triglyceride levels (Fig. 3 C ; r = 0.40, P = 0.02). In contrast, no statistically significant correlations was present between TNF-a expression in adipose tissue and age, waist to hip ratios, plasma glucose, and total cholesterol levels. It is worth noting that these latter parameters were only marginally different between the lean and obese group.
Effects of weight reduction on ITNF-a expression. Weight reduction is among the most effective treatment for abnormalities in glucose homeostasis seen in obesity (23) . It often improves systemic insulin resistance and can reduce the compensatory hyperinsulinemia. We asked whether a relationship exists between weight loss and subsequent improvements in glucose homeostasis and TNF-a expression in fat tissue. For this we obtained fat biopsies and blood samples from nine obese subjects before and after a 17% weight reduction. The characteristics of these subjects are summarized in Table II . After the weight reduction, there was a significant decrease in serum insulin levels (from 43.1±5.1 to 26.2±3.5, P = 0.001) in all obese subjects without any change in plasma glucose, indicating an improvement in insulin sensitivity. As shown in Fig. 4 , A and B, a parallel decrease was also evident in TNF-a expression in adipose tissue from 7/9 (from 49.4±5.1 to 26.6±3.6%, P < 0.001). No change in TNF-a expression was evident in one subject (Patient 1) and a slight elevation was observed in the other (Patient 2) at the end of the protocol. These alterations were again specific to TNF-a and no changes were observed in the expression of aP2 in adipose tissue. TNF-,3 (Fig. 4 A) , IL-1/3, and IL-6 (data not shown) were not detectable at both states.
Discussion
We have previously shown that TNF-a is a key mediator of insulin resistance in many different rodent models of obesity, through its obesity-related overexpression in adipose tissue (9, 11) . Neutralization of TNF-a in obese and insulin-resistant rats resulted in significant increases in peripheral insulin sensitivity, as measured by hyperinsulinemic-euglycemic clamp studies (9) . In addition, both dietary and pharmacological treatment of . TNF-a mRNA expression and fasting plasma insulin levels in adipose tissue before and after a weight reduction program in obese female subjects. The TNF-a mRNA expression levels were determined by Northern blot analysis, quantitated as described in Fig. 1 , (A) Cumulative results; (B) individual changes in TNF-a mRNA expression; and (C) individual changes in plasma insulin before and after weight loss.
For each subject the values at the beginning and at the end of the study are connected by lines. The solid lines represent the subjects where there was a decrease in TNF-a expression. The dotted lines represent the subjects where there was no change or increase in TNF-a expression. Circles and bars indicate means±SE.
obese and diabetic animals led to a significant decrease in the amount of TNF-a expression in adipose tissue ( 11) .
Overexpression of TNF-a in adipose tissue is a common, if not a universal correlate of obesity and insulin resistance in animal models (9, 10) . Thus, it was critical to examine the expression of this cytokine in adipose tissues of obese humans relative to lean subjects. In this study we have demonstrated that adipose tissues of obese subjects also express elevated levels of TNF-a mRNA and secrete increased amounts of the corresponding protein (Figs. 1 and 2 ). Strong positive correlations were observed between the expression levels of TNF-a mRNA in fat tissue and the extent of hyperinsulinemia (Fig. 3) . Since levels of circulating insulin is an indicator of insulin resistance in obese, euglycemic patients, these results are suggestive of a role for TNF-a in the insulin resistance of obesity. Direct measurements of in vivo insulin sensitivity by glucose clamps in studies using TNF-a-neutralizing reagents will be necessary to definitively address the relationship between TNF-a expression and insulin action in humans. However, these correlations are striking considering the heterogeneous etiology of obesity in human populations.
In contrast to the variables discussed above, we observed no correlation between waist/hip ratios, fasting plasma glucose, plasma cholesterol levels, and TNF-a mRNA expression in fat tissue. The lack of correlation with waist/hip ratios suggests that TNF-a expression is not tightly linked to differences in regional fat deposition in our study group. However, previous studies have indicated the importance of regional fat deposition as a determinant of increased risk for insulin resistance and NIDDM in obese patients (24) . Further clinical studies in larger groups will be necessary to address this issue. The absence of correlation between the plasma glucose levels and TNF-a expression is not surprising since the group reported here did not contain patients with fasting hyperglycemia.
Amelioration of obesity through diet and exercise is the first line of therapy for the obese diabetic patient (23) . In addition to the positive correlations mentioned above, we demonstrate here that corrective decreases in body weight and hyperinsulinemia through a weight loss program also results in reductions in TNF-a expression in adipose tissue. Despite the small number of the subjects in this study we were able to obtain statistical significance in these changes in TNF-a expression after weight loss. In two patients (Patient I and 2, Fig. 4 b) there was no reduction in adipose TNF-a expression after weight loss.
Interestingly, these two subjects responded poorly to weight reduction in terms of decreases in plasma insulin levels and were still hyperinsulinemic at the end of the protocol (with plasma insulin levels of 32.6 and 41.8 ,iU/ml, respectively).
Although these subjects may be atypical, it is possible that regulation of TNF-a expression through weight reduction is not similar in all obese subjects and reflect the heterogeneity in the relationship between insulin levels and TNF-a mRNA expression. Nevertheless, these results suggested that TNF-a expression is effectively regulated during metabolic perturbations and tightly linked to the abnormalities in metabolic status such as elevated insulin levels in the majority of the cases studied here.
We did not observe elevations in circulating TNF-a levels in this study. In a recent study in pediatric age group, Boeck et al. also reported lack of detectable TNF-a in serum of obese patients (25) . However, here we demonstrated an elevation in the amount of TNF-a protein produced per mass or per unit DNA from the fat tissues of obese individuals compared to lean control subjects. This was also the case in the rodent models studied to date suggesting that TNF-a action in the insulin resistance of obesity is likely to be through an autocrine-paracrine mechanism rather than through an endocrine route (9, 10) . In obese and insulin-resistant fa/fa rats neutralization of Tumor Necrosis Factor-a Expression, Human Obesity, and Insulin Resistance TNF-a results in increased insulin sensitivity in muscle tissue, although expression is not readily detectable at this site (19) . It is therefore possible that expression of TNF-a in adipose tissue causes the generation of secondary mediators that effect insulin response at distant sites.
If fat-derived TNF-a is playing an important role in inducing insulin resistance in obesity, what could be the mechanism of action? In the fa/fa rat model of obesity with severe insulin resistance but very mild diabetes, TNF-a-induced peripheral insulin resistance involves, at least in part, the inhibition of insulin-stimulated autophosphorylation of the insulin receptor and phosphorylation of insulin receptor substrate 1 in vivo ( 19) . However, it has been demonstrated in humans that reductions in the kinase activity of insulin receptor is observed mainly in patients with NIDDM, but not in obese, nondiabetic subjects ( 15, 16) . Therefore, a role for TNF-a in obesity-linked insulin resistance in humans may involve additional steps in the insulin action pathways including regulation of glucose transporter number or activity, or modulation of steps downstream of insulin receptor and insulin receptor substrate 1 in the signal transduction cascade.
Another potential discordance between the role of TNF-a in obesity-linked insulin resistance in animal models and humans is the relative contribution of hepatic insulin resistance. Previous studies in the fa/fa rat, demonstrated that TNF-a neutralization primarily effects peripheral glucose disposal with little or no effect on hepatic glucose output (9) . While the inability to suppress hepatic glucose output is an important component of fasting hyperglycemia and NIDDM, studies in obese insulin-resistant humans (without NIDDM) have demonstrated that the severity of the hepatic insulin resistance is much smaller than the defects in insulin-stimulated glucose disposal (26) . Furthermore, the hepatic insulin resistance in obese, nondiabetic subjects was found to be in the form of decreased insulin sensitivity, while the peripheral insulin resistance involved both decreased insulin sensitivity and responsiveness (26) . The strong correlation observed in this study between the fasting insulin levels and TNF-a expression in fat tissue may also suggest that TNF-a expression is closely associated with peripheral insulin resistance since there is no fasting hyperglycemia in the subjects studied. Taken together, these results indicate that the mechanistic bases of peripheral and hepatic insulin resistance may not be identical in obesity and the role of TNFa in obesity-linked insulin resistance may be restricted to extrahepatic insulin resistance primarily by influencing the steps distal to insulin receptor binding. Further studies will be necessary to address these possibilities.
Finally, several indirect lines of evidence besides the data presented here suggest that TNF-a may play a potentially important pathophysiological role in human obesity and NIDDM. First, recent genetic studies using sibling pair analysis have shown linkage between a polymorphism in the TNF-a locus and body fat content and BMI in Pima indians (27) . Second, during the use of pentoxifylline for the treatment of vascular complications in NIDDM patients, an increase has been observed in insulin sensitivity (28) . It is now known that pentoxyfylline is an inhibitor of TNF-a production although not a very potent one (29) . These studies however, are preliminary and must await further confirmation in different groups of obese humans.
In summary, the observations presented here, taken together with earlier studies showing a functional role for TNF-a in animal models of obesity-linked insulin resistance, suggest that aberrant expression of TNF-a in adipose tissue may also be a component of the insulin resistance in obese humans. Since recent studies indicate that agents which improve insulin sensitivity may be of great value in the treatment of NIDDM (30) it is of interest to test whether insulin resistance and its clinical correlates can be reversed by therapies aimed at the neutralization of TNF-a. Clinical trials to definitively address this possibility are clearly needed.
